In this paper, we propose a Dynamic Stochastic General Equilibrium (DSGE) model with the term structure of interest rates drawing on the framework introduced by Andrés et al. (2004) and Marzo et al. (2008) . In particular, we reproduce segmentation in financial markets by introducing bonds of different maturities and bond adjustment costs non-zero at the steady state. These costs constitute structural liquidity frictions among bonds with different maturities: agents are assumed to pay a cost whenever they trade bonds. As a result, the model is able to generate a non-zero demand for bonds of different maturities, which become imperfect substitutes, due to different liquidity conditions. The main properties of the model are analyzed through both simulation and estimation exercises. The contribution of the paper is twofold. On one hand, the calibrated model is able to replicate the stylized facts regarding the yield curve and the term premium in the US over the period 1987:3-2011:3, without compromising its ability to match macro dynamics. On the other hand, the estimation, besides providing an empirical support to the theoretical setting, highlights the potentialities of the model to analyze the term premium in a microfounded macro framework. The results match very closely the behavior of actual yields, reflecting the recent activity of the Fed on longer maturity bonds.
Introduction
It is well known that one of the main limitations of standard Dynamic Stochastic General Equilibrium (DSGE) models is their inability to generate sufficiently large and volatile term premia. 1 Therefore, it has become an urgent task to better analyze the effects of real and nominal shocks on the term structure, and vice versa. Standard DSGE models, which represent the workhorse macro models of central banks and academic institutions, often lack a realistic and comprehensive representation of the financial sector. In particular, since all assets are taken as perfect substitutes, term premia are ignored, and the expectations hypothesis generally holds. Trying to incorporate in a coherent manner the term structure of interest rates into full-fledged DSGE models represents nowadays one of the most challenging research areas in macroeconomics.
In order to obtain richer models for policy advice it is crucial to bring term structure elements into general equilibrium frameworks. The yield curve is indeed very informative about expectations of future dynamics regarding macroeconomic variables (such as inflation and interest rates) and risk. More specifically, a complete understanding of term structure dynamics within DSGE models could be particularly helpful for the conduct of monetary policy. This issue has been gaining momentum in the last decade, as many central banks faced zero-bound interest rate challenges, or simply tried to react to unexpected or undesired changes of long term interest rates.
Recently, a macro-finance literature has been growing with the attempt to analyze how macro factors and the yield curve interact. Some works in this direction are due to Kozicki and Tinsley (2001) , Ang and Piazzesi (2003) , Hördahl et al. (2006) , Evans and Marshall (2007) , and Yang (2008) , in which the macro structure is modeled as exogenous to the yield curve. 2 Other studies (Dewachter and Lyrio, 2006; Diebold et al., 2006; Rudebusch and Wu, 2007, 2008) are able to identify a bidirectional feedback between term structure factors and macro variables. The advantage of taking this joint perspective is twofold. On one hand, it is possible to observe how movements in the yield curve are affected by macroeconomic shocks. On the other hand, since the yield curve is a good predictor of future dynamics of the economy, these expectations contribute to the determination of current macroeconomic variables, although in a forward-looking setting. Thus, integrating term structure models with macro variables could substantially contribute to a better understanding of both financial and macroeconomic issues. Lastly, reduced-form macro models have been developed by Wu (2006) , Hördahl et al. (2008) and Bekaert et al. (2010) . However, it is clear that this kind of frameworks, either linking macro variables to some latent-factor finance structures or using reduced-form macro models, cannot adequately address some important questions regarding the complex interactions between macro variables and asset prices.
Another stream of the literature has focused on how to integrate yield curve dynamics into macro models with optimizing agents, such as DSGE models. Within these frameworks all variables obey a set of structural macro relations: for this reason, it is possible to give a more meaningful economic interpretation to the macro-finance connections. However, as explained by , standard DSGE models are not able to generate time-varying term premia. More specifically, the term premium is zero in firstorder approximations, and constant in second-order approximations.
In order to address these drawbacks, the literature has explored four approaches. The first one tries to capture the variability of the term premium by using higher-order approximations or global nonlinear methods (Ravenna and Seppälä, 2006; Rudebusch and Swanson, 2008, 2009 ) combined with long-memory habit formation in consumption (as suggested by Campbell and Cochrane (1999) ) and labor market frictions (Uhlig, 2007) . These models generally find a larger and more volatile term premium than standard models, but still without matching the dynamics shown by data (i.e. movements of the term premium are too small), or at the cost of distorting the model's ability to fit other macroeconomic variables, as reported by Rudebusch and Swanson (2008) .
The second approach introduces Epstein and Zin (1989) recursive preferences to differentiate the intertemporal elasticity of substitution from the inverse of the risk aversion coefficient. In this context, Rudebusch and Swanson (2009) , drawing on an endowment economy model with recursive preferences developed by Piazzesi and Schneider (2006) , are able to generate substantial volatility in the term premium. In particular, the model produces a reasonably large and volatile term premium matching also basic macroeconomic moments. However, their results come at the cost of an unrealistically high risk aversion parameter. Other contributions using Epstein-Zin preferences are due to van Binsbergen et al. (2010) and Hsu (2011) .
A third type of DSGE models is characterized by the presence of heterogeneous agents (Guvenen, 2009; De Graeve et al., 2010; Hsu, 2011) . For instance, the model by De Graeve et al. (2010) is able to capture the role of heterogeneous capital market participation across agents (shareholders, bondholders and workers), generating realistic term premia and reasonable dynamics for the intra-and intertemporal allocation decisions.
Other efforts to explain asset prices in macro models have been pursued by the socalled rare macroeconomic disasters literature, according to which asset returns volatility can be explained by incorporating disaster risk, in the form of a probability that a disaster will happen in the future (Gourio, 2009; Barro and Ursua, 2011) .
Despite these recent substantial improvements Rudebusch (2010, p.40) himself admits that "the DSGE model financial sector remains far too rudimentary in terms of financial frictions and intermediation." More importantly, there are still theoretical uncertainties among economists about the appropriate model specification to analyze the term premium within a DSGE framework . This paper adopts and extends the DSGE framework proposed by Marzo et al. (2008) , which was one of the first studies endogenizing the yields of bonds with different maturi-ties. In particular, our tractable model reproduces segmentation in financial markets by introducing bonds with different maturities and portfolio adjustment frictions. Transaction costs can be considered either as proxies for the liquidity of an asset, or simply costs associated to managing portfolios. Alternatively, the economic motivation for the inclusion of portfolio adjustment frictions may originate from the preferred habitat theory, whereby households have a preference for holding bonds of different maturity (Vayanos and Vila, 2009) . These frictions generate a certain degree of stickiness in the timing of reallocation of bond holdings. As a result, the model is characterized by a non-zero demand for bonds of different maturities at each point in time, making assets imperfect substitutes. Our framework closely follows the message of Tobin (1969 Tobin ( , 1982 about imperfect asset substitutability, whose portfolio approach has been first employed in a dynamic optimizing model by Andrés et al. (2004) . With the model at hands, it is possible to analyze the dynamics of yield spreads and term premia in a general equilibrium setting. Moreover, the model features two feedback channels from the term structure to the macroeconomy, working, respectively, through the money demand and the resource constraint.
The main operational advantage emerging from this setting is given by its ability to generate time-varying term premia, without recurring to higher order approximation of the simple first-order log-linearized solution.
The novelties of this paper with respect to Marzo et al. (2008) 's contribution are basically three. First of all, we allow for a secondary market for bond trading, as proposed by Ljungqvist and Sargent (2004) . Second, open market operations by the central bank have been explicitly modeled, allowing the quantity of bonds of different maturities to move in response to shocks. Third, a deeper analysis of the term premium dynamics has been conducted.
The results highlighted in this paper are important along two dimensions, and differ substantially from the original model by Marzo et al. (2008) . On the one hand, the calibrated model is able to replicate stunningly well the stylized facts regarding the yield curve in the US over the period 1987:3-2011:3. More specifically, the moments of the simulated data match very closely those of the US yield curve. Moreover, the impulse response functions show that after shocks term premia react consistently with what has been described in the literature. Finally, the model is able to generate a realistically high term premium while simultaneously matching the main macro dynamics, a fact that goes in the direction of solving the bond premium puzzle. The model is tested against data by using both calibration and Bayesian estimation methods. In particular, the estimation procedure highlights the full potential of the model in analyzing the term premium within a microfounded macro framework: the estimated term premium generated by the model is very similar to that obtained by Kim and Wright (2005) , both in terms of pattern and volatility.
The model presented in this paper points to further avenues for future research, like, for example, an analysis of the recent waves of Quantitative Easing policies carried out by central banks, and the study of the strategic asset allocation implications.
The paper is structured as follows. Section 2 presents the model. The results from the calibrated model are discussed in Section 3, while Section 4 is devoted to the results from the estimation. Section 5 concludes.
The Model
A representative agent populates the economy and supply labor inputs. Monopolistically competitive firms hire labor and capital to produce differentiated goods. The government conducts fiscal and monetary policy.
The Household Sector
There is a continuum of identical and infinitely-lived households. Households' preferences are defined over consumption C t , real money balances
Mt
Pt and labor effort L t , and are described by the infinite stream of utility:
where β is the intertemporal discount factor. The instantaneous utility function u C t ,
Pt , L t is given by:
where σ is the elasticity of intertemporal substitution, γ measures the importance of consumption habits, χ is the elasticity of money demand, ψ is the Frisch elasticity. In (1) ν p t is a preference shock that follows an AR(1) process:
where ε p t is an i.i.d. shock with zero mean and standard deviation σ νp .
In this economy, each agent i can choose the composition of a basket of differentiated final goods. The CES aggregatorá la Dixit and Stiglitz (1977) is expressed by the following equation:
where C t is an aggregate consumption index of all the differentiated final goods produced in this economy. There are j-th varieties of final goods (j ∈ [0, 1]), and θ t is a time-varying elasticity of substitution between different final goods varieties (θ t > 1).
Each agent is subject to the following budget constraint, which incorporates the secondary market for bond trading as in Ljungqvist and Sargent (2004) :
Thus, agents allocate their wealth among money holding M t , accumulation of capital K t , which is rented to firms at the rental rate q t , and holding of four types of zero-coupon government bonds (B t , B S,t , B M,t , B L,t ), which are purchased by households at their nominal price. Agents receive rental income q t K t , where K t is capital, wage income w t L t , where w t is real wage, and a share of firms' profits Ω t . They also pay a real lump-sum tax T t ; I t is investment, and P t is the aggregate price level. Firms face quadratic adjustment costs of investment as in Kim (2000):
The law of motion of capital stock is expressed in the following standard way:
where δ represents the depreciation rate of capital stock. The different zero-coupon government bonds are defined as money-market bonds B t , short-term bonds B S,t , medium-term bonds B M,t , and long-term bonds B L,t , whose yields are given, respectively, by R t , R S,t , R M,t , and R L,t . The left-hand side of the budget constraint follows the usual formulation with bonds priced with their interest rates, since at time t, the return R ı,t is known with certainty and is risk-free from the viewpoint of agents. However, the right-hand side of (5) incorporates the secondary market for bond trading: bonds with different maturities are priced with the money-market rate. Even though these bonds represent sure claims for future consumption, they are subject to price risk prior to maturity. At time t − 1, an agent who buys longer-maturity bonds and plans to sell them next period would be uncertain about the gains, since R t is not known at time t − 1. As stressed by Ljungqvist and Sargent (2004) , the price R t follows from a simple arbitrage argument, since, in period t, these bonds represent identical sure claims to consumption goods at the time of the end of the maturity as newly issued one-period bonds in period t.
As already mentioned, segmentation in financial markets is obtained by introducing portfolio adjustment frictions, representing impediments to the arbitrage behavior of agents that would equalize asset returns. First of all, we propose bond-adjustment costs (Marzo et al., 2008) , assuming that intertemporal bond trading is costly to each agent. Costs of bond adjustment are quadratic and are defined as follows:
where ı = S, M, L. Costs defined by (8) are paid in terms of output, and are non-zero at the steady-state, generating a non-zero demand for bonds with different maturities in the long-run. The rationale behind the presence of transaction costs as in (8) is firstly related with the theory of preferred habitat, according to which agents have preferences over bond with different maturities (Vayanos and Vila, 2009) . Under this view, transaction costs represent the inertial behavior of the investor located at each maturity. Moreover, these costs are proxies for the shares of resources devoted to covering information costs, or the costs of managing bond portfolios. As stressed by Marzo et al. (2008) , the magnitude of the adjustment costs φ ı at the steady-state is different across maturities, as they reflect different opportunity costs of bonds. In particular, as long as
The steady-state non-zero bond adjustment costs proposed in (8) represent another crucial innovative point of the present paper, in contrast with the existing literature, where portfolio reallocation among bonds are assumed to be zero (at steady state). This is what allows for differential yields among bonds, emerging from structural liquidity conditions characterizing the market of bonds having different maturities. Moreover, we add money-bond transaction costs following Andrés et al. (2004) , given by:
where
e. the ratio between bond holdings and money in the steady-state. Thus, agents pay a cost whenever they shift the portfolio allocation between money and bonds with different maturities. Costs (9) are assumed to be zero at the steadystate ad they can be viewed as a rationalization of the liquidity premium, representing the attitude towards risk on behalf of representative agent. Longer is the maturity of a bond, the less liquid is considered the asset. These costs are set to be increasing with
Another intuition behind the presence of costs under (9) can be (Andrés et al., 2004) : agents perceive longer-maturity assets as riskier, and therefore associated to a loss of liquidity in comparison with the same investment in shorter-term bonds. For this reason, as they purchase longer-term bonds, they hold additional money to compensate themselves for the loss of liquidity. Thus, agents self-impose a sort of "reserve requirements" on their longer-term investments.
Optimality Conditions
Households maximize their lifetime utility stream (1), subjected to (2), (5), (6), (7), (8) and (9), together with a usual transversality conditions on all bonds. The first order conditions with respect to consumption, labor, money, money-market bonds, short-term bonds, medium-term bonds, long-term bonds, capital and investment, are respectively given by:
where λ t and µ t are the Lagrange multipliers.
Firms
Each j-th firm produces and sells differentiated final goods in a monopolistically competitive market. The production function is a standard Cobb-Douglas with labor and capital:
where α is the share of capital used in production, and Φ is a fixed cost to ensure that profits are zero in the steady-state. A t is technology and follows an AR(1) process:
where ε A t is an i.i.d. shock with zero mean and standard deviation σ A . Firms face quadratic price adjustment costsá la Rotemberg (1982) , given by:
The demand function faced by each single firm j is:
Thus, the demand faced by each firm is directly related to the general output level of the economy, and negatively to the price of good j. The elasticity of substitution of demand θ t is time-varying around a mean θ:
where ν m t is a shock to price markup that follows an autoregressive process:
With the presence of quadratic price adjustment costs highlighted under (21), the maximization problem becomes fully dynamic: each firm maximizes the expectation of the discounted sum of profit flows, given the information at time 0:
where ρ is the firms' discount factor. Following Kim (2000) , the profit function for each firm j is:
Assuming that each agent in the economy has access to a complete market for contingent claims, we have that the discount factor of households and firms are set to be equal, as in Kim (2000):
Therefore, the FOCs of the maximization problem with respect to labor and capital are given, respectively, by:
where e Y t is the output demand elasticity:
which measures the gross price markup over marginal cost. Given the above structure, it is immediate to check that the standard New-Keynesian aggregate supply curve obtains naturally after repeated substitution of the previous equations one into the other, after log-linearization around the non-stochastic steady state.
The Government Sector
The government constraint is:
where G t is government spending, for which we assume to follow an AR(1) process:
where ε G t is an i.i.d. shock with zero mean and standard deviation σ G . We introduce the following fiscal policy rule, where the total amount of tax collection is a function of the total government's liabilities, in order to prevent the emergence of inflation as a fiscal phenomenon, as suggested by (Leeper, 1991) :
where ψ 0 is the steady-state level of T t , and ψ 1 has been set to be equal for all bonds. Equation (33) tells us that the level of taxes react to deviations of the outstanding level of public debt from its steady-state level. In other words, taxes are not allowed to act independently from the stock of government liabilities outstanding in the economy. The central bank sets money-market rate R t , according to the following Taylor (1993) rule:
where α R , α π , α Y indicate the response of R t with respect to lagged R t , inflation and output. The policy rate is determined by the deviation of inflation and output from steady-state with an interest rate smoothing component. Monetary policy shock ε R t is an i.i.d. with zero mean and standard deviation σ R . π * t is a time-varying inflation target, as in Smets and Wouters (2003) and Zagaglia (2011) :
Finally, instead of assuming a simple exogenous AR process for the supply of bonds, as in Marzo et al. (2008) , let us suppose that central bank carries out open market operations (OMOs): whenever money demand increases (decreases), the central bank intervenes by buying (selling) government bonds of different maturities, and increasing (destroying) base money:
where η ı is the elasticity of money growth supply with respect to changes in bond holdings for ı = S, M, L. The coefficient η ı indicates the extent by which changes in bond supply is reflected into money growth rate. According to (36), in order to respond to changes in money demand, the central bank varies the quantity of money supply by exchanging bonds, consistently with the policy-rate objective. Thus, bond quantities are supply-driven.
The resource constraint is:
From (37) total output is allocated to consumption, government spending, investment (comprehensive of capital adjustment costs), price adjustment costs, and a component related to bond adjustment costs and money transaction costs.
The Pricing Kernel
It is now worth showing the main features underlying the bond pricing kernel emerging from this model, in order to understand why the expectations hypothesis does not hold within this framework. Following Ljungqvist and Sargent (2004) and Marzo and Zagaglia (2011) , and assuming the simplest case without adjustment or transaction costs, we can rewrite the FOCs of bond quantities as follows:
where i = S, M, L. The standard pricing kernel (or stochastic discount factor) is given by:
By using Eq.(40) and the law of iterated expectations, we obtain the pricing of a two-period bond:
We can generalize (41) to the j-th-period bond to get:
The standard approach to term structure of interest rates implies that long-term interest rates are determined by expected future short-term rates. This is the so-called expectations hypothesis, whereby R 2,t = R t E t R 1,t+1 . Let us check whether this hypothesis holds in our case. Eq.(39) can be rewritten as follows: 3
Using Eq. (38), we obtain:
where the covariance term represents the term premium. Eq. (44) implies that the Expectations Hypothesis, (EH, henceforth) holds only when utility is linear in consumption, i.e. when
= 1, leading the covariance term to disappear.
It is easy to check that in the present setting the EH is not satisfied, since the utility is not linear in consumption. Moreover, there are also adjustment and transaction costs in the first order conditions of bonds of longer maturities (neglected in this analysis), that make the model characterized by a non-standard representation of the stochastic pricing equations. However, it is worth to note that what generates deviations from EH are determined by the presence of the budget constraint with secondary markets, allowing for bond trading before their maturities, while the portfolio adjustment frictions help to characterize the entire term structure, by inserting wedges among the various rate of returns.
How Money, Bonds and Yields Interact
It is evident that the model presents non-trivial dynamics for what concerns the relationships between money, yields and quantity of bonds. This paragraph aims to shed light on these mechanisms. The interrelationships among money, bonds and returns are depicted in the following diagram. Notice, in particular, that, differently from what has been assumed by Marzo et al. (2008) , there is an effective bidirectional feedback between money and bond quantities, due to the presence of open market operations.
Leaving aside the policy rate, determined by Taylor rule (34), and bond quantities of longer maturities, determined by open market operations (36), let us focus on the other variables of interest. Consider first a simplified log-linearized version of money demand equation:
where the A coefficients are convolutions of structural parameters. Given the imperfect substitutability between money and bond holdings, money demand is positively affected by quantities of bonds at short, medium, and long maturities. This is due to the presence of the money-bond transaction costs. As previously stressed, households purchase longerterm assets and hold additional money to compensate for the potential loss of liquidity. Eq.(45) highlights one of the two feedback channels of the model from the term structure to the macroeconomy stressed by Marzo et al. (2008) , namely a money demand channel. The other feedback channel works through the resource constraint, as it is possible to see by looking at Eq.(37). In the latter case, bond transaction costs affect the spending decisions of agents. It is worth to note that the present model lacks a channel through which aggregate demand depends directly on the prices of both short-term and longer-term maturity bonds, as in Harrison (2012) . This extension will be the focus of a future work. The log-linearized version of the first order conditions of bond holdings, from which yields of different maturities are derived, is given by:
Intertemporal stickiness (46) where ı = S, M, L, and the B coefficients are convolutions of structural parameters. Thus, yields of longer maturities are determined also by two components generated by portfolio adjustment frictions, which characterize respectively the degree of imperfect asset substitutability and the degree of intertemporal stickiness of bond trading. In particular, Eq.(46) reveals that the long-term rate depends positively on long-term bond supply, as desired, and positively on money supply, because of the imperfect asset substitutability. In other words, an increase in the relative supply of the more illiquid asset will bid up the spread between the more illiquid asset and the more liquid asset. It is immediate to check that transaction and adjustment costs parameters generate impediments to the arbitrage activity which would equalize returns. At the same time, the presence of transaction costs determines the extent of the influence of relative assets holdings on long-term rate. In (46), when φ ı = 0, deviations from EH are smaller, and longer-term rates are not affected by changes in relative assets holdings.
Results from the Calibrated Model
The model has been log-linearized around the non-stochastic steady-state, whose details are reported in the Appendix. We generate artificial time series of the variables, by simulating 1000 observations and discarding the first 500. In what follows we report the calibration strategy.
Calibration
The benchmark model is calibrated to match US quarterly data over the period 1987:3-2011:3, the Greenspan-Bernanke era. Table 1 and Table 2 report, respectively, the steadystate values and the calibrated values of the core parameters. Some values have been chosen by following previous studies and are quite standard in the DSGE literature. In particular, the elasticity of substitution across goods θ is set to be equal to 6 (as SchmittGrohé and Uribe (2004)); habit formation parameter γ, is set to be equal to 0.7 (as in Smets and Wouters (2007) ); the elasticity of intertemporal substitution σ, is 0.5, which implies a coefficient of relative risk aversion of 2; the depreciation rate of capital δ is calibrated to be 0.025 (as in Christiano et al. (2005) and Altig et al. (2011) ): this value implies an annual rate of depreciation on capital equal to 10 percent.
Capital share in production function α is set to 0.36 (Christiano et al., 2005; Altig et al., 2011) ; parameter of price adjustment cost φ P , is set to be calibrated to 100 (Ireland, 2004) . The elasticity of real money balances χ is set equal to 7, as in Marzo et al. (2008) ; the Frisch elasticity ψ is set equal to 1 (Marzo et al. (2008) ).
The parameters of the fiscal and monetary policy rules are mainly calibrated following Marzo et al. (2008) , while the AR coefficients and the standard deviations of the shocks are set to φ A = 0.95, Christiano and Eichenbaum, 1992; Kim, 2000; Andrés et al., 2004; Marzo et al., 2008; Altig et al., 2011; Zagaglia, 2011) .
Transaction costs between money and bonds are considered as free parameters and are calibrated to match the empirical moments of the US yield curve, in the benchmark case. Their values are respectively set to be: v S = 0.0030 (which means 0.3% of income), v M = 0.004, and v L = 0.0041. In the next paragraphs a sensitivity analysis on these parameters will be performed to test robustness of the results conditional to benchmark calibrated values.
For what concerns the parameters η S , η M and η L , their calibrated values are obtained from data concerning the conduct of open market operations in the US. We rely therefore on various issues of the Domestic Open Market Operations Report prepared by the New York Fed, and we set these parameters to 2.5, 2.5, and 7, respectively. These values are indicative of the period prior to the financial crisis, during which holdings of government securities were skewed towards the shorter end of the maturity spectrum. In fact, it is well known that, from 2008, purchases of government securities were instead weighted towards longer term maturities. However, in the next section we will carry out some sensitivity analysis on these parameters, in order to show the mechanisms behind the OMOs formulation within this framework.
The steady-state value of some variables is obtained from the data, or following previous studies. Output is normalized to 1. The consumption-output ratio has been set to 0.57, and the taxes-output ratio to 0.1972 (Marzo et al., 2008) . The ratio of market to non-market activities is set equal to 0.3. The ratio of total debt on GDP is calibrated to 0.45 (Schmitt-Grohé and Uribe, 2004; Marzo et al., 2008) . The ratio of debt at different maturities to total debt is obtained from the OECD Database, using US series from 1995 to 2010 and calculating the average over this period. The steady-state values of the yields have been calculated from the Federal Reserve Economic Data.
Finally, values of remaining parameters and variables are computed using steady-state solutions, as shown in the Appendix.
The Benchmark Model

Moments of the Simulated Variables
It is useful to start by illustrating some stylized fact of US term structure in recent years. Table 3 summarizes the main moments of US term structure over the period 1987:3-2011:3. We report standard deviations of yield spread and of yields with four maturities (the Federal Funds Rate, 3 months, 1 year, 5 years, and 10 years), and the correlation between the output gap (computed as a percentage deviation of real GDP from potential) and the yield spread. The statistics have been computed using Federal Reserve Economic Data. As expected, rates of shorter maturity are generally more volatile than those of longer maturities. Moreover, the yield spread is countercyclical. Table 4 displays the analogous statistics of the simulated data generated by the model using the benchmark calibration. 4 Standard deviations of various maturities yields are extremely close to actual data, reported in Table 3 . The same can be said for the volatility of yield spreads. The only exception is for the policy rate, whose standard deviation is very low because we did not include any specific investment technology (like transaction costs) for bonds paying a return equal to the policy rate, as explained by Ljungqvist and Sargent (2004, p.377) . Furthermore, the contemporaneous correlation of the spread with the output gap is negative, as found in actual data over the considered sample. We also report the standard deviation of the generated term premium, as well as its contemporaneous correlation with the output gap. The term premium is found to be countercyclical: this negative relationship in real data is documented by . More importantly, it is worth to note that comparatively to standard DSGE models using higher order approximations, 5 the standard deviation of the term premium emerging from our model is much higher and very close to the empirical one.
Thus, it seems that the model in its benchmark calibrated version is able to generate moments that match stunningly well the US term structure features over the GreenspanBernanke period, and, at the same time, to reproduce a sufficiently and realistically large term premium.
Impulse Response Functions
Impulse response functions (IRFs) with respect to one standard deviation innovations to the three main shocks (technology, monetary policy and government spending) are shown in Figures 1-3 . 6 A positive productivity shocks (Figure 1 ) leads to a decreasing response of inflation, which, in turn, causes a reduction in the monetary policy rate. Moreover, the responses of the remaining yield rates are negative, due to the decreasing response in money-market rate. After the shock money demand increases, while the term premium falls, reaching a minimum of around 0.13%. The direction of the response of the term premium is consistent with what has been showed by in a standard business cycle model with a third-order approximation. However, our model is able to generate a response substantially higher than that reported in Rudebusch et al.
EtRS,t+j + ξt Thus, the term premium is the deviation of the long-term yield RL,t from the level consistent with the expectations hypothesis. Since we assume that the short-rate RS,t is the 3-month yield and the long-term rate RL,t is the 10-year rate, we have N = 40.
5 The standard deviation of the term premium estimated by Kim and Wright (2005) is around 0.752 (computed over the period 1990:4-2011:3).
6 The IRFs concerning the other shocks, and not reported here, are available upon request.
(2007). Finally, main macro variables dynamics are perfectly consistent with the patterns derived from a standard DSGE model. Figure 2 plots the impulse responses to a contractionary monetary policy shock, which, not surprisingly, triggers a negative response of inflation and output. The increase in the policy rate drives money demand down, and yields of different maturities hike: the model does not display any liquidity puzzle. Moreover, on impact after the shock the term premium displays an increase: this is again consistent with . Previous considerations about the size of the response of the term premium and the dynamics of the macro variables apply for results displayed in Figure 2 as well.
A government spending shock (Figure 3 ) leads to an increase in output and inflation, crowding out consumption. As a result, money demand falls, driven by an increase in the policy rate. In line with , the term premium experiences an increase on impact.
Summing up, we have shown that the baseline version of the model is capable to match the main stylized fact about the US term structure without distorting the dynamics of the main macro variables. To our knowledge, this is the first DSGE model that, by endogenizing the term structure, is able to achieve this goal. In particular, while the direction of the response of the term premium to the shocks is consistent with what previously found in the DSGE literature, its magnitude is much higher. Next paragraphs are devoted to sensitivity analysis, where we will show how the term structure dynamics vary after changing key model parameters.
Sensitivity Analysis
The goal of the next two paragraphs is to gain intuition about some of the mechanisms at work in the model. In particular, we analyze what happens when changing, first, the money transaction costs, and then the parameters relative to the open market operations. Figure 4 shows the impulse response functions of a technology shock for different values of the transaction costs parameters, while simulated moments are reported in Table 5 . It is worth remembering that, in this framework, variations in the transaction costs reflect variations in the liquidity of the asset: the higher the transaction costs, the higher the liquidity premium associated with that kind of asset. It is evident from Figure 4 that the responsiveness of each yield increases when its own transaction cost increases. Table 5 shows that even yield volatility is larger, when the value of the transaction costs is higher. The intuition is simple. When transaction cost is lower (higher), the bond becomes more (less) liquid, and, therefore, the propensity of agents to reallocate income between money and bonds is higher (lower), since the degree of substitutability between money and bonds increases (decreases). As a result, the responsiveness to shocks of the bond's price and yield decreases (increases), as shocks can be better absorbed in liquid markets (i.e. the stress over yields is lower in liquid markets). Finally, a lower (higher) responsiveness of yields reflects, in turn, a lower (higher) degree of volatility of the simulated yields. In other words, deviations of prices and yields from the steady-state are less pronounced in a liquid market, in which it is relatively easy to trade asset. The price impact to a specific shock is lower.
The Role of Money Transaction Costs
Finally, given existing parameter values, feedback effects from the term structure to the macroeconomy, highlighted in paragraph 2.5, although present, are negligible ( Figure  4 ).
The Role of Open Market Operations
Impulse response functions to a productivity shock and the moments of the simulated variables when varying the parameters of the open market operations η ı , for ı = S, M, L, are respectively displayed in Figure 5 and Table 6 . They indicate that the higher the parameter of Open Market Operations for a specific bond, the lower is the responsiveness and the volatility of its own yield. The explanation is straightforward. The higher (lower) is the parameter, the lower (higher) is the quantity of bonds of that type that the central bank is buying or selling on the markets after a variation of the money demand. As a result, also the volatility of prices and yields of that specific asset turns out to be lower (higher). Also in this case, the feedback effects are not fully appreciable.
Lastly, it is worth briefly emphasizing the potentialities of this model of analyzing unconventional tools for monetary policy, such as Quantitative Easing policies, which have become very popular in the recent years, given that in many countries short-term interest rates have been very close to the zero lower bound. 7 Indeed, within this framework, it would be possible to study the response of yields of different maturities to longer-term assets purchases by the central bank. This issue goes beyond the scope of the present paper, and is the focus of a work in progress. 8
Yield Spread Decomposition
We decompose the yield spread into an expectations component and a term premium, in order to analyze the relative contribution of each component to movements of the yield spread. This decomposition takes the following form:
7 See, for example, Gagnon et al. (2010) and Krishnamurthy and Vissing-Jorgensen (2011) . 8 Falagiarda (2012) .
with N = 40. Figure 6 displays the relative contribution of each component concurring to determine yield spread variations, using simulated data. As also proved analytically in paragraph 2.4, the model generates substantial deviations from the EH. In fact, with baseline calibration, the expectations-related component accounts on average for more than 54% of yield spread changes (Figure 6 ). By increasing transaction costs on long-term bonds, the contribution of the term premium becomes predominant. At the contrary, an increase in transaction costs on short-term bonds leads the expectations component to take a larger share, since the wedge between short-term and long-term rate becomes smaller. 9
Results from the Estimated Model
Once the model has proved to do a good job in its calibrated version, in terms of both term structure moments and macro dynamics, a natural step forward is to carry out a more direct link of theory with data by explicitly estimating the model. The estimation is conducted on US data at a quarterly frequency over the period considered before (1987:3-2011:3) .
The goal of the estimation exercise is twofold. First, we check whether the assumptions about the parameters used in the calibrated version are empirically plausible, at least as a first approximation. Obviously, our main focus is on parameters concerning money transaction costs and open market operations. Second, time series of the estimated term premium are compared with that obtained by Kim and Wright (2005) , who use an affine term structure model to estimate term premium movements.
The Estimation Technique
Estimation is performed using Bayesian techniques, which have become very popular in the DSGE literature in the last decade, as carefully explained in Fernández-Villaverde (2010) . Once the model has been log-linearized, we can write it in a state space representation, where the transition equation is:
where S t is the vector of states, W t is the vector of innovations, and Θ is the vector of structural parameters. The measurement equation is:
where Y t are the observables and Z t the measurement errors to the observables.
9 The graphs are available upon request.
Given our data Y T ≡ {Y t } T t=1 , the general expression of the likelihood function of the model is:
The likelihood function is evaluated through the Kalman filter. 10 According to Bayes' theorem, the posterior distribution of the parameters is given by:
Using a Random Walk Metropolis-Hastings algorithm, as described by Chib and Greenberg (1995) , An and Schorfheide (2007) , and Fernández-Villaverde (2010), we obtain an empirical approximation of the posterior density function of the model, ready to perform inference. The chosen observables are output, inflation, consumption, money, short term rate, medium-term rate, and long-term rate. Quarterly data on real GDP, GDP deflator, real consumption expenditure, money base M0, and yields (respectively, 3-month, 1-year, and 10-year yields -constant-maturity interest rates, in percent per year) covering the period 1987:3-2011:3 are employed. They are obtained from the Federal Reserve Economic Data database. We calculate log-differences of each series, with the exception of interest rates. The dataset is then detrended using a linear trend.
Prior Distribution of the Parameters
Some parameters are not going to be estimated, since they are either obtained through the steady-state solution, or usually treated as fixed in the literature (such as the coefficient of intertemporal substitution β). The remaining parameters are estimated, and their prior distribution is shown in the second column of Table 7 , chosen consistently with the calibration of previous section, or following previous contributions in the literature (Smets and Wouters, 2003; Del Negro et al., 2007; Smets and Wouters, 2007; Zagaglia, 2011) .
The Results
The posterior mean estimates of parameters are reported in the third column of Table 7 . 11 The estimated posterior mean of almost all the parameters estimates is quite close to the prior mean, with the exception of the standard error and the stochastic process of government spending shock, which displays a higher standard error, and a lower persistence.
Other divergences between priors and posteriors are physiological, as documented in the literature.
Looking at the estimates of free parameters -those regarding money adjustment costs and open market operations -it turns out that the mean of the posterior distribution is generally close to the mean of the prior assumptions, and, in any case, the estimates generally respect the ordering of their calibrated value, except for the parameter of medium-term bonds adjustment costs, slightly higher than that of long-term bond. Moreover, the estimates confirm that OMOs are more skewed towards short and medium-term securities. These results seem to provide a strong empirical support to our previous calibration and to the whole theoretical framework. However, the results also suggest a potential weak identification, i.e. the data are not very informative for identifying these parameters. Problems of weak identification of this type of parameters are common in the literature (Chen et al., 2011; Falagiarda, 2012) , and may emerge because of the absence of any observable for the quantity of debt of different maturities.
On the other hand, the main goal of the estimation carried out in this section is to show how powerful the present model is for studying term premium dynamics. We showed that this model is able to generate an endogenous term premium. Figure 7 compares the series of the estimated term premium with that obtained by Kim and Wright (2005) , who employ an affine term structure model. It should be remembered that we are dealing with deviations from the steady-state and our time series have already been detrended: to facilitate comparisons, the term premium of Kim and Wright (2005) has also been detrended. From Figure 7 we observe a considerable similarity in the volatility of the two series. Secondly, the two term premia follow very similar patterns, as proved by the high correlation coefficient between them, given by 0.638.
As a last exercise, we carry out the estimation over two sub-periods, 1987:3-1998:1 and 1998:2-2011:3 . Figure 8 and 9 report posterior impulse response functions of term structure variables to technology and monetary policy shocks over the full sample period and the two sub-periods. 12 They represent the mean of a series of impulse response functions obtained by drawing from the parameter posteriors. The responses have been rescaled in order to capture a 1% shock. First of all, it should be noted that the direction of the responses are consistent with the predictions obtained from the theoretical model. More importantly, it is possible to observe that the two sub-periods are characterized by different degrees of responsiveness of yields of different maturity. In fact, during the first sub-period, yields' reaction to shocks is smaller and less persistent in comparison with that relative to the second sub-period. The reason is likely to be found in the fact that in the recent years financial markets have been substantially more turbulent. The bubbles characterizing the early 2000s and the recent Great Recession are just the most celebrated examples. Moreover, the pattern of the model relatively to the more recent sample period (1998:2-2011:3) shows a clear effect of the more active role of central banks over longer maturities, if compared with previous periods.
In conclusion, through this estimation exercise, we have shown that this approach, by considering the term premium as an endogenous variable, allows yield curve dynamics to be analyzed in a much deeper way than standard DSGE models. In particular, the estimated term premium is realistically large and follows very closely the pattern of that estimated by Kim and Wright (2005) using a finance model.
Concluding Remarks
In this paper, we introduce a new way of modeling the term structure within a DSGE framework. In particular, by introducing portfolio adjustment frictions on bond trading, it is possible to generate segmented financial markets, where assets of different maturities are imperfect substitutes, to allow for a full endogenization of a time-varying term premium.
The calibrated model is able to match both US term structure moments over the period 1987:3-2011:3 and the macro dynamics. Moreover, it generates a sufficiently large term premium, which reacts to shocks consistently with what found in previous studies, without using higher order approximations.
The estimation exercise performed in Section 4 provides a strong empirical support to this theoretical framework. In particular, the estimates of the free parameters of the model are in line with their calibrated values, and the responses of yields of different maturity consistent with theoretical predictions. Moreover, the estimated term premium generated by the model is very similar to that obtained by Kim and Wright (2005) , both in terms of pattern and volatility.
All in all, the most important contribution of this paper is to provide a new setting, through which the term premium can be incorporated into a microfounded macro framework with optimizing agents. Further work is needed to better evaluate the role of money, and to identify movements and determinants of the yield curve. In addition, the model proposed in this paper points to further avenues for future research, such as the introduction of financial intermediaries and different types of private assets, the analysis of the strategic asset allocation implications of this framework, and the adoption of a more effective feedback mechanism from the term structure to the macroeconomy, such that employed by Harrison (2012) , where aggregate demand depends directly on interest rates of bonds of different maturities. Moreover, it would be interesting to adapt and use this framework to study the recent waves of Quantitative Easing policies carried out by central banks in the US and the UK.
Appendix. The Steady-State
Combining equations (17) and (18), we have the following formula, from which we can derive φ K :
Tables 
